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Unc13/Munc13s play a crucial function in neuro-
transmitter release through their MUN domain,
which mediates the transition from the Syntaxin-1/
Munc18-1 complex to the SNARE complex. The
MUN domain was suggested to be related to teth-
ering factors, but no MUN-domain structure is avail-
able to experimentally validate this notion and
address key unresolved questions about the inter-
actions and minimal structural unit required for
Unc13/Munc13 function. Here we identify an auto-
nomously folded module within the MUN domain
(MUN-CD) and show that its crystal structure is re-
markably similar to several tethering factors. We also
show that the activity in promoting the Syntaxin-1/
Munc18-1 to SNARE complex transition is strongly
impaired in MUN-CD. These results show that MUN
domains and tethering factors indeed belong to the
same family and may have a common role in mem-
brane trafficking. We propose a model whereby the
MUN-CD module is central for Munc13 function but
full activity requires adjacent sequences.
INTRODUCTION
Inracellular membrane fusion is mediated by members of
conserved protein families that underlie a common mechanism
of membrane fusion (Jahn and Scheller, 2006; Wickner and
Schekman, 2008; Rizo and Rosenmund, 2008; Su¨dhof and Roth-
man, 2009). Particularly important for fusion are the SNAREs and
Sec1/Munc18 (SM) proteins. Thus, SNAREs residing on two
membranes assemble into SNARE complexes through their
SNARE motifs, which bring the two membranes together and
are key for membrane fusion (So¨llner et al., 1993; Hanson et al.,
1997; Poirier et al., 1998; Sutton et al., 1998). SM proteins are
believed to play a central, albeit currently unclear, role in mem-
brane fusion through interactions with SNARE complexes (Rizo
et al., 2006; Toonen and Verhage, 2007; Su¨dhof and Rothman,Structure 19, 1443–12009; Carr and Rizo, 2010). Munc18-1, the neuronal SM protein
involved in neurotransmitter release, also binds to the SNARE
Syntaxin-1 folded into a closed conformation involving binding
of the Syntaxin-1 N-terminal Habc domain (Fernandez et al.,
1998) to its SNARE motif (Dulubova et al., 1999). This interaction
is not generally conserved in other systems (Carr et al., 1999; Du-
lubova et al., 2001) and gates entry of Syntaxin-1 into SNARE
complexes to control neurotransmitter release (Gerber et al.,
2008). Although some models assume that SNARE complex
assembly leads directly to fusion, strong evidence suggests that
the priming step that leaves synaptic vesicles in a release-ready
state involves Syntaxin-1 opening and partial SNARE complex
assembly (Rizo and Rosenmund, 2008; Walter et al., 2010).
Neurotransmitter release also depends on factors with
specialized roles to meet its tight regulatory requirements,
including invertebrate Unc13 and their vertebrate homologs,
Munc13s, among others. These large (ca. 200 kDa) proteins
from presynaptic active zones are crucial for priming synaptic
vesicles to a release-ready state, and no release is observed in
their absence (Augustin et al., 1999; Richmond et al., 1999; Ara-
vamudan et al., 1999; Varoqueaux et al., 2002). This role can be
ascribed to an autonomously folded C-terminal region called the
MUNdomain (Basu et al., 2005) (Figure 1A), although theminimal
Unc13/Munc13 sequence required for priming is still unclear
(Stevens et al., 2005; Madison et al., 2005). A Syntaxin-1 mutant
bearing a mutation that destabilizes its closed conformation
(Dulubova et al., 1999) partially rescues neurotransmitter release
in C. elegans unc13 nulls (Richmond et al., 2001), and the
Munc13-1 MUN domain dramatically accelerates the transition
from the closed Syntaxin-1/Munc18-1 complex to the SNARE
complex (Ma et al., 2011), showing that the Unc13/Munc13
priming function entails a direct role in opening Syntaxin-1.
However, conflicting reports have ascribed this role to binding
of Unc13/Munc13s to the Syntaxin-1 N terminus (Betz et al.,
1997; Stevens et al., 2005; Madison et al., 2005) or to its SNARE
motif (Ma et al., 2011). In addition to their key priming function,
Unc13/Munc13s govern varied presynaptic plasticity processes
that underlie distinct forms of information processing in the brain
(Brose et al., 2000), likely through intramolecular interactions of
the MUN domain with other modules (Basu et al., 2005, 2007)
and through interactions with other active zone proteins (Betz
et al., 2001; Dulubova et al., 2005; Wang et al., 2009). Hence,455, October 12, 2011 ª2011 Elsevier Ltd All rights reserved 1443
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Figure 1. Domain Diagram of Munc13-1 and
Summary of Fragments Used in This Study
(A) Domain diagram of rat Munc13-1. Residue
numbers indicate selected domain boundaries.
The predicted subdomainswithin theMUNdomain
are labeled A-D. CaMb indicates a calmodulin-
binding sequence. The approximate locations of
selected fragments used for functional studies in
Basu et al. (2005), Stevens et al. (2005), and
Madison et al. (2005) are indicated below the
domain diagram.
(B) Summary of Munc13-1 fragments that were
prepared in our attempts to solve the structure of
the Munc13-1 MUN domain or parts of it. The
residue numbers are indicated on the left, but note
that all fragments used in this study lack residues
1415-1437, which are alternatively spliced (Brose
et al., 1995). Comments on expression and results
of crystallization trials are on the right.
See also Figure S1.
Structure
Structure of a Munc13 C-Terminal Modulethe vital priming activity of the MUN domain probably connects
a multitude of presynaptic signals to exocytosis.
MUN domains are also found in Unc31/CAPS, proteins with
functions related to but distinct from those of Unc13/Munc13s
(James et al., 2009; Liu et al., 2010), and in diverse proteins
from plants and fungi (Koch et al., 2000; Basu et al., 2005).
Notably, recent sequence analyses revealed remote homology
between MUN domains and subunits of tethering complexes
from diverse membrane compartments, such as the exocyst,
GARP, Cog, and Dsl1p complexes (Pei et al., 2009), and struc-
tural data is establishing similarities among these tethering
factors (Sivaram et al., 2006; Tripathi et al., 2009). These findings
pose the intriguing possibility that all of these proteins form an
additional family with a general function in intracellular mem-
brane fusion, in addition to having specialized roles in different
membrane compartments. This notion could be fundamental
for our overall understanding of the mechanisms of intracellular
membrane traffic, but it is critical to obtain experimental support
for the similarity of MUN domains to tethering factors, because
the predicted sequence identities between them are below
10% (Pei et al., 2009) and no three-dimensional structure of
a MUN domain is available.
Obtaining structural information at atomic resolution on the
MUN domain of Unc13/Munc13s is also crucial to rationalize
multiple data on these proteins that have accumulated over the
years. This includes the effects of disease-causing mutations
in theMunc13-4MUNdomain (Feldmann et al., 2003), andmuta-
genesis results that have yielded a confusing picture regarding
which is the minimal Unc13/Munc13 sequence required for the
vesicle priming function and which interactions with Syntaxin-1
are important for this function (see above). To help address these
questions and provide a structural framework to understand
Unc13/Munc13 function, we have devoted very extensive efforts
to crystallize fragments spanning the Munc13 MUN domain
sequences. We have found that the C-terminal half of the1444 Structure 19, 1443–1455, October 12, 2011 ª2011 Elsevier Ltd All rights reservedMunc13-1 MUN domain constitutes an
autonomously folded module (referred to
as MUN-CD), and we have solved its
crystal structure at 2.7 A˚ resolution. Thestructure of MUN-CD is remarkably similar to those of several
tethering complex subunits. These results demonstrate that
Unc13/Munc13s are indeed related to tethering complexes, sup-
porting the notion that all of these proteins belong to a common
family. Using NMR spectroscopy, we also show that the MUN-
CD module exhibits a much weaker affinity for the Syntaxin-1
SNARE motif than the MUN domain, and also a much weaker
activity in accelerating the transition from the Syntaxin-1/
Munc18-1 complex to the SNARE complex. These data,
together with examination of the MUN-CD structure, provide
clear explanations for the functional results obtained with
different Unc13/Munc13 mutants and support the conclusion
that the priming function of Unc13/Munc13s is mediated by
binding to the Syntaxin-1 SNARE motif.
RESULTS
Crystallization of the MUN-CD Module
Unc13/Munc13s contain a variable N-terminal region that may
include a C2 domain, and a conserved C-terminal region that
includes two C2 domains and in most cases a C1 domain (illus-
trated for rat Munc13-1 in Figure 1A). Definition of structural or
functional units within the region between the C2B and C2C
domains has been challenging because of its large size and
the abundance of helical sequences, which hinders com-
putational comparisons when homology is low. Initial analyses
identified two homology regions that were called Munc13-
homology-domains (MHD1 and MHD2) and correspond to resi-
dues 1106-1249 and 1358-1525 of rat Munc13-1 (Koch et al.,
2000), but attempts to express up to 25 Munc13-1 fragments
based on these results did not yield any properly folded, well-
behaved protein (Basu et al., 2005). Additional computational
analyses revealed that the sequence homology in this family
extends to most of the region between the C2B and C2C
domains; this region was shown to form an autonomously folded
Structure
Structure of a Munc13 C-Terminal Moduleunit, which was termed the MUN domain, and to be sufficient to
rescue neurotransmitter release in Munc13-1/2 double knockout
mice (Basu et al., 2005). However, some degree of vesicle
priming was also supported by Unc13 and Munc13-1 fragments
that had an N-terminally truncated MUN domain and included
part of or the full C2C domain [Unc13 fragment corresponding
to residues 891-1688 of rat Munc13-1 (Madison et al., 2005)
and rat Munc13-1 fragment spanning residues 1100-1735 (Ste-
vens et al., 2005) (see Figure 1A). These findings emphasized
the urgent need to obtain three-dimensional structural informa-
tion to understand the relationship between structural and func-
tional units in these proteins.
With this goal, we attempted to crystallize multiple fragments
spanning the MUN domain of Munc13-1 (Figure 1B), aided in
part by NMR experiments to check that the expressed fragments
are properly folded and well behaved (see Chen et al., 2002 and
Lu et al., 2006). We started with the initial fragment identified as
the Munc13-1 MUN domain (residues 859-1531; Basu et al.,
2005), which yields highly-quality NMR spectra (see Figure S1A
available online). Crystals were obtained under diverse condi-
tions, but the best crystals diffracted only to a dmin of 6-7 A˚,
and changing the N terminus of the fragment did not help to
get better crystals (Figure 1B). Interestingly, we observed
that the protein in the crystals was fully cleaved at residue
Phe1444, presumably by a residual protease, and mutating
this residue to Ala or Gln hindered crystallization. This residue
is located in a predicted long loop that exhibits poor sequence
conservation and alternative splicing (Brose et al., 1995). We
attempted to co-express fragments corresponding to the pro-
teolytic products, and we also made several MUN domain frag-
ments with different deletions within this loop, which in most
cases improved the solubility and expression of the fragment,
but no crystals were obtained with these proteins (Figure 1B).
We also attempted to crystallize similar fragments of Munc13-2
and Munc13-3, but the former were largely insoluble and the
latter led to poorly diffracting crystals.
The observation of a remote sequence homology between
MUN domains and some tethering factors (Pei et al., 2009)
and the available crystal structures of several of these factors
(Dong et al., 2005; Sivaram et al., 2006; Wu et al., 2005; Tripathi
et al., 2009; Ren et al., 2009) led us to hypothesize that, similar to
these factors, theMunc13-1MUN domain may contain four sub-
domains (named A-D; Figure 1A). Because some of the struc-
tures of tethering factors were obtained with fragments con-
taining only the A-B or C-D subdomains, we prepared new
fragments spanning the predicted A-B and C-D subdomains of
rat Munc13-1. Although we were unable to express A-B frag-
ments (residues 859-1149 or similar) in soluble form, we ob-
tained high yields of soluble fragments corresponding to the
C-D subdomains (residues 1148-1516 or 1148-1531) (Figure 1B).
These soluble proteins still did not yield crystals, but removal of
the entire long loop in the Munc13-1(1148-1516) fragment
(resulting in the 1148-1407,EF,1464-1516 fragment) did lead to
needle clusters (Figure S1C). A similar fragment where we kept
11 residues from the loop (1148-1407,EF,1453-1516 fragment)
was highly soluble, exhibited high-quality NMR spectra (Fig-
ure S1B), and yielded crystals that after optimization diffracted
to a dmin of 2.75 A˚ resolution (Figure S1D). Unfortunately, the dif-
fraction data that we obtained with crystals of seleno-methionineStructure 19, 1443–1labeled protein revealed multiple lattices, crystal twinning, data
anisotropy, low anomalous signal, and severe radiation damage,
which prevented us from deriving a structure from these data.
Finally, we were able to obtain improved crystals (Figure S1E)
that exhibited P42 crystallographic symmetry and diffracted to
a dmin of 2.65 A˚ resolution with a similar fragment extended at
the C terminus (1148-1407,EF,1453-1531 fragment) (Figure 1B).
The diffraction data obtained with this fragment still exhibited
anisotropy and crystallographic pseudosymmetry but were no
longer subject to severe radiation damage, twinning, or multiple
lattices. A structure solution was achieved by exploiting the
strong crystallographic pseudosymmetry. Data obtained from
the seleno-methionine–labeled protein collected at the anoma-
lous absorption edge for selenium was indexed in the pseudo-
symmetric I4 cell and used for heavy atom location, anomalous
phasing, and automated model building. Final refinement of
the model versus native data processed in the crystallographic
P42 cell yielded two molecules of MUN-CD and 99 waters.
Data collection, phasing, and refinement statistics are listed in
Table 1. Because this fragment spans an autonomously folded
module and contains the predicted C-D subdomains, we refer
to this fragment as the MUN-CD module.
Structure of the MUN-CD Module
The contacts between the two molecules that form the asym-
metric unit of the MUN-CD crystals (Figure 2A) are rather limited
(380 A˚2 buried surface area). Each molecule engages in an addi-
tional contact with a crystallographic symmetry mate (700 A˚2
buried surface area) that is primarily mediated by residues
1400-1407,E of the truncated loop. MUN-CD is monomeric in
solution based on NMR and dynamic light scattering data, indi-
cating that these contacts are induced by crystallization and
are unlikely to be physiologically relevant. MUN-CD has an elon-
gated structure (ca. 90 A˚ from end to end) containing two lobes
that correspond to the predicted C and D subdomains (Fig-
ure 2B). Both subdomains form five-helix bundles, but there
are a total of only nine helices (numbered a1 to a9 in Figure 2B)
because a very long, continuous helix (a5) spans the two subdo-
mains. Consecutive helices pack against each other in an anti-
parallel fashion throughout the MUN-CD module, whereas alter-
nating helices (a1 versus a3, a2 versus a4, etc.) are packed in
a parallel arrangement. Some of the loops connecting the helices
did not yield interpretable electron density, suggesting that they
are disordered. Part of the loop connecting helices a7 and a8
that contains the engineered deletion is disordered, but some
residues of this loop are observable and participate in crystal
contacts (see above), thus providing an explanation as to why
alterations in this region affect the quality of the crystals.
There are intimate contacts between subdomains C and D,
and the root mean square (r.m.s.) deviation between the two
molecules of the asymmetric unit is 0.5 A˚ for 294 common Ca
atoms, indicating that the relative orientation between the two
subdomains is rigid. The long axes of the two subdomains cross
at an angle of approximately 130, leading to a boomerang-like
shape with a shallow concave surface at the bottom in the orien-
tation shown in Figure 2C. Accordingly, helix a5 bends and
changes direction gradually as it crosses from subdomain C to
subdomain D (Figure 2B). Helix a6 exhibits a sharp bend, likely
to accommodate the bending of helix a5, and helix a9 also has455, October 12, 2011 ª2011 Elsevier Ltd All rights reserved 1445
Table 1. Data Collection, Phasing, and Refinement Statistics
Data collection
Crystal MUN-CD MUN-CD Sea peak MUN-CD Se a peak MUN-CD Sea inflection point
Space group P42 P42 I4 I4
Energy (eV) 12,780.7 12,658.5 12,658.5 12,656.7
Resolution range (A˚) 42.2 – 2.65 (2.70 – 2.65) 39.1 – 2.85 (2.90 – 2.85) 38.0 – 2.70 (2.75 – 2.70) 38.0 – 3.00 (3.06 – 3.00)
Unique reflections 28,911 (1,399) 26,116 (1,262) 15,031 (678) 11,181 (597)
Multiplicity 4.5 (3.3) 5.9 (5.5) 5.6 (4.0) 6.0 (5.9)
Data completeness (%) 90.0 (90.7) 99.7 (99.8) 98.5 (91.3) 99.8 (100.0)
Rmerge (%)
b 7.5 (67.4) 10.1 (77.6) 9.5 (53.8) 17.2 (90.6)
I/s(I) 18.2 (3.8) 21.1 (1.8) 33.8 (2.1) 25.7 (1.89)
Wilson B-value (A˚2) 63.9 92.8 82.7 104.7
Phase determination
Anomalous scatterers selenium, 7 out of 9 possible sites
Figure of merit (38.0 – 2.70 A˚) 0.15
Refinement statistics
Crystal MUN-CD
Resolution range (A˚) 29.1 – 2.65 (2.74 – 2.65)
No. of reflections Rwork/Rfree 34,977/1,804 (1.944/124)
Data completeness (%) 89.6 (90.0)
Atoms (non-H protein/solvent) 4753/99
Rwork (%) 24.4 (30.5)
Rfree (%) 30.2 (33.9)
Rmsd bond length (A˚) 0.009
Rmsd bond angle () 1.22
Mean B-value (A˚2) (protein/solvent) 80.6/58.0
Ramachandran plot (%)
(favored/additional/disallowed)c
89.7/9.4/0.9
Maximum likelihood coordinate error 0.78
Missing residues, by chain A: 1148-1155, 1341-1351, 1459-1468, 1515-1531
B: 1148-1155, 1341-1351, 1458-1467, 1517-1531
Data for the outermost shell are given in parentheses.
a Bijvoet-pairs were kept separate for data processing.
b Rmerge = 100 ShSijIh, i— hIhij/ShSiIh, i, where the outer sum (h) is over the unique reflections and the inner sum (i) is over the set of independent
observations of each unique reflection.
c As defined by the validation suite MolProbity (Davis et al., 2007).
Structure
Structure of a Munc13 C-Terminal Modulea sharp bend with a non-helical turn connecting the two sides of
the helix (see asterisk in Figure 2B). Each one of these helix
bends contains one proline residue in the corner, which likely
causes the change in direction.
The surface of the MUN-CD module is considerably charged,
with a predominance of negative charges; however, there are
a few positive patches that might be involved in membrane
binding (see Guan et al., 2008), particularly at one side of the
concave bottom surface (Figure 2C). No large, exposed areas
with a hydrophobic character can be observed on the surface
of the MUN-CD module, with the exception of a hydrophobic
patch at the N terminus that is most likely involved in contacts
with the B subdomain in the full-length protein (Figure S2A).
Remarkable Similarity of MUN-CD to Tethering Factors
In agreement with the previous predictions (Pei et al., 2009), the
structures in the Protein Data Bank (PDB) with closest similarity
to MUN-CD found using DALI (Holm and Sander, 1993) corre-1446 Structure 19, 1443–1455, October 12, 2011 ª2011 Elsevier Ltdspond mostly to subunits of vesicle tethering complexes.
MUN-CD also displays similarities with myosins that tether vesi-
cles to actin filaments and had been previously found to
resemble the tethering factors (Tripathi et al., 2009). The highest
structural similarity with MUN-CD found is for the exocyst
complex subunit Sec6p (PDB code 2FJI), with a Z score of
18.9 and a root-mean-square deviation (rmsd) of 2.7 A˚ for 261
equivalent a carbons (Figure 3A). This represents a remarkable
similarity considering that the sequences of MUN-CD and
Sec6p share less than 10% sequence identity based on the
resulting structure-based sequence alignment (Figure 4).
Sec6p was indeed predicted to be the tethering factor most
closely related to MUN domains, and a homology model of
MUN-CD built based on this finding (Pei et al., 2009) also exhibits
a clear similarity with the crystal structure of the MUN-CD
described here, although with some important differences (Fig-
ure S3A). A superposition of the model with the crystal structure
using DaliLite (Holm and Park, 2000) yielded a 3.0 A˚ rmsd for 263All rights reserved
Figure 2. Crystal Structure of the MUN-CD Module
(A) Ribbon diagram showing the two monomers of the MUN-CD module
present in the asymmetric unit.
(B) Ribbon diagram of the MUN-CD structure, rainbow colored from N (blue) to
C terminus (red). The nine a helices are labeled a1 to a9, and the locations of
subdomains C and D are indicated. The bends in helices a6 and a9 are indi-
cated by an asterisk.
(C) Surface electrostatic potential of the MUN-CD module. The electrostatic
potential was calculated with GRASP (Nicholls et al., 1991) and contoured at
the ± 5 kT/e level, with red and blue denoting negative and positive potential,
respectively. In all panels, N and C indicate the N and C termini. All molecular
diagrams were prepared with Pymol (DeLano Scientific).
See also Figure S2.
Structure
Structure of a Munc13 C-Terminal Moduleequivalent a carbons. The approximate ends and register of five
of the helices (a1, a2, a4, a7, and a8) were correctly predicted by
themodel, but helices a3 and a5 were shifted in register by 4 andStructure 19, 1443–17 residues, respectively. These shifts reveal discrepancies with
the sequence alignment obtained previously (Pei et al., 2009)
and together with other structure-based adjustments lead to
the revised alignment of Figure 4. Note also that the computa-
tional model did not contain the bends in helices a5, a6, and
a9 of the MUN-CD structure (Figure S3A). Naturally, these struc-
tural differences directly reflect distinctions between the struc-
ture of MUN-CD and that of Sec6p (Figure 3A), which was
used to build the model and does not have these helical bends.
The proline residues in the corners of the helical bends of the
MUN-CD structure (Pro1323, Pro1363, and Pro1502) are not
conserved in Sec6p or other tethering factors and exhibit dif-
ferent degrees of conservation in Unc13/Munc13s (Figure 4),
suggesting that the helical bends are unique features of a subset
of Unc13/Munc13 MUN-CD modules.
Varied degrees of similarity between MUN-CD and other
tethering factors were found with DALI (illustrated in Figure 3).
The Tip20p subunit of the Dsl1p complex (PDB code 3FHN)
also exhibits a high similarity to MUN-CD (Figure 3B), with a
Z score of 17.0 and a 3.3 A˚ rmsd for 253 equivalent a carbons.
Clear similarities with somewhat worse rmsds were observed
for other tethering factors, including the Sec15p subunit of the
exocyst complex (PDB code 2A2F; Z score 14.3; 5.6 A˚ rmsd
for 247 equivalent a carbons; Figure 3C) and the Dsl1p subunit
of the Dsl1p complex (PDB code 3K8P; Z score 11.9; 6.2 A˚
rmsd for 231 equivalent a carbons; Figure 3D), whereas the
Exo70p and Exo84p exocyst subunits are more distantly related.
These higher rmsds reflect in part some defined structural
distinctions, but they also arise from different relative orienta-
tions of the C and D subdomains.
Helix a5, which connects the two subdomains, is the most
variable feature of all of these structures. It is thus not surprising
that the correct register and length of this helix is difficult to
predict from sequence analyses. Note that the seven-residue
shift in the register of helix a5 in the computational model of
MUN-CD (Pei et al., 2009) with respect to the crystal structure
still preserves the orientation of the hydrophobic side chains
toward the core of the structure, and that the hydrophobicity
patterns are conserved features in all of these structures (Fig-
ure 4) that are key to establish their remote sequence homolo-
gies by sequence analyses. In the sequence alignment of Fig-
ure 4, we have also highlighted 10 residues that were found to
be very highly conserved inMUNdomains (Pei et al., 2009) (white
with red background), residues that are conserved in MUN
domains but not in tethering factors (orange), and residues that
appear to be conserved in Unc13/Munc13 MUN domains but
not in other MUN domains (blue). In general, the highly con-
served residues are mostly buried and are probably key to
maintain correct folding; W1165 is exposed in MUN-CD but is
expected to pack against the B subdomain in the full-length
protein, whereas D1204 is partially exposed (Figure S3B) and
might participate in a key interaction of the MUN domain. Resi-
dues that are selectively conserved in MUN domains or in
Unc13/Munc13 MUN domains are evenly distributed over the
MUN-CD structure (Figure S3C).
Functional impairment in the MUN-CD module
Although the Munc13-1 MUN domain robustly rescues vesicle
priming in Munc13-1/2 double knockout neurons, a shorter455, October 12, 2011 ª2011 Elsevier Ltd All rights reserved 1447
Figure 3. The MUN-CD Module Is Remarkably Similar to Tethering Factors
(A–D) Ribbon diagrams showing superpositions of the MUN-CD module (orange) with Sec6p (A), PDB code 2FJI); Tip20p (B), PDB code 3FHN; Sec15p (C), PDB
code 2A2F; and Dsl1p (D), PDB code 3K8P. The coordinates for the superpositions were obtained with DaliLite (Holm and Park, 2000). The position of helix a5 is
shown in each panel to emphasize the differences in this helix among the different structures.
Structure
Structure of a Munc13 C-Terminal Modulefragment spanning residues 1045-1531 (Figure 1A) rescues only
1% of the readily-releasable pool (Basu et al., 2005). These find-
ings show that truncation of the predicted A and B subdomains
strongly impairs MUN domain function. Because the MUN
domain is thought to underlie priming by accelerating the transi-
tion from the closed Syntaxin-1/Munc18-1 complex to the
SNARE complex, and this activity depends on interactions of
the MUN domain with the Syntaxin-1 SNAREmotif and probably
with Munc18-1 (Ma et al., 2011) (see model of Figure 5), we
examined whether these properties are impaired in MUN-CD
using the same methodology.
1H-13C HMQC spectra of MUN-CD 1H,13C-labeled at the Ile,
Leu, and Val methyl groups in a perdeuterated background
(2H-ILV-13CH3-MUN-CD) (39 kDa) exhibited progressive de-
creases in cross-peak intensities upon addition of Munc18-1
(67 kDa), SNARE complex (55 kDa), or both (Figures 6A, B).
These data show that MUN-CD binds to Munc18-1 very weakly
and to the SNARE complex somewhat tighter but still weakly,
and that there is some cooperativity in these interactions. These
results are similar to those obtained with the MUN domain,
but the SNARE complex induced stronger decreases in
cross-peak intensities for the MUN domain (Ma et al., 2011),
showing that binding to the SNARE complex is impaired in
MUN-CD. Moreover, MUN-CD caused perturbations (broad-
ening and slight shifts) on the same 1H-15N HSQC cross-peaks
of the Syntaxin-1 SNARE motif that were perturbed by the MUN
domain (Figure 6C), but these perturbations were considerably
smaller than those induced by the MUN domain (Ma et al.,
2011), suggesting that MUN-CD binds more weakly to the
Syntaxin-1 SNARE motif. This conclusion was confirmed
through titrations of 15N-Syntaxin-1 SNARE motif with MUN-
CD monitored by 1D 1H-15N HSQC spectra (Arac¸ et al., 2003;
Dulubova et al., 2005), which did not reach saturation even at
60 mM MUN-CD (Figure 6D). We estimate that the Kd is larger1448 Structure 19, 1443–1455, October 12, 2011 ª2011 Elsevier Ltdthan 300 mM (compared with 46 mM for the MUN domain;
Ma et al., 2011).
To monitor the transition from the Syntaxin-1/Munc18-1
complex to the SNARE complex, we used 1H-13CHMQC spectra
of perdeuterated cytoplasmic region of Syntaxin-1, where the Ile
methyl groups were 1H,13C-labeled [2H-I-13CH3-Syntaxin-1],
which allow to easily distinguish the cross-peaks from the two
complexes (illustrated for the Ile203 cross-peak in Figure 7A,
left panel) (Ma et al., 2011). Consecutive 1H-13C HMQC spectra
acquired on a sample of 2H-I-13CH3-Syntaxin-1/Munc18-1
complex upon addition of the Synaptobrevin and SNAP-25
SNARE motifs in the presence of MUN-CD module showed
that the cross-peaks from the 2H-I-13CH3-Syntaxin-1/Munc18-
1 complex gradually decrease, and the cross-peaks from the
SNARE complex emerge slowly over time (Figure 7A, middle
and right panels). The time dependence of the intensity of the
Ile203 cross-peak from the SNARE complex yielded a rate
constant of 0.38 ± 0.05 hr1 for SNARE complex formation (Fig-
ure 7B), whereas the kinetics of disappearance of the Ile203
cross-peak from the Syntaxin-1/Munc18-1 complex yielded
a rate constant of 0.33 ± 0.13 hr1. For comparison, the rate
constants measured in the absence of MUN-CD were smaller
than 0.021–0.16 hr1, and in the presence of MUN domain
they were 4.0–5.1 hr1 (Ma et al., 2011). Hence, these data indi-
cate that the MUN-CD module can slightly accelerate the transi-
tion from the Syntaxin-1/Munc18-1 complex to the SNARE
complex but this activity is much weaker than that of the MUN
domain, in correlation with the findings that truncating the
N terminus of the MUN domain to residue 1045 strongly impairs
its priming activity in vivo (Basu et al., 2005), and that MUN-CD
has a much weaker affinity for the Syntaxin-1 SNARE motif
than the MUN domain. Overall, these results support the conclu-
sion that binding to the SNARE motif is critical for Unc13/
Munc13 MUN domain function, and suggest a refined modelAll rights reserved
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Structure of a Munc13 C-Terminal Modulewhereby the MUN-CD module is at the heart of this function but
needs the assistance of neighboring sequences to efficiently
execute this function (Figure 5).
DISCUSSION
Unc13/Munc13s perform a crucial function in synaptic vesicle
priming through their MUN domain. Although it is now clear
that the MUN domain mediates the transition from the
Munc18-1/Syntaxin-1 complex to the SNARE complex, key
questions remained about theminimal structural-functional units
in Unc13/Munc13s and about which interactions underlie this
function. Moreover, it seems likely that the Unc13/Munc13
MUN domain performs an additional, general function(s) that
may be shared by all MUN-domain–containing proteins, and
the finding of remote homology between MUN domains and
tethering factors involved in traffic at diverse membrane com-
partments (Pei et al., 2009) suggested that all of these proteins
form a family with a common role in membrane traffic. However,
given the fundamental nature of this notion to understand intra-
cellular membrane traffic and the very low sequence identities
between MUN domains and tethering factors, it was crucial
to obtain experimental evidence supporting the connection
between these proteins. Our structure of the Munc13-1 MUN-
CD module now reveals a striking similarity to the structures of
Sec6p and other tethering factors, providing definitive proof
that these proteins are related and indeed belong to the same
family. Furthermore, the structure of the MUN-CD module,
together with our biophysical studies of MUN-CD interactions
and function, yield a framework to rationalize ample functional
data that are currently available for Unc13/Munc13s, and
suggest the refined model of Figure 5.
The extensive efforts that were required to solve the structure
of the MUN-CD module, which spanned 13 years of research in
our laboratory and involved preparation of about 50 different
protein fragments (Figure 1) (Basu et al., 2005), emphasize the
difficulties that can arise in structural studies of large helical
regions where it is difficult to identify a clear structural unit from
sequence analyses. Computational biology (Koch et al., 2000;
Basu et al., 2005; Pei et al., 2009) has played a key role in guiding
our efforts, and the continued improvements in sequence anal-
ysis methods that led to the identification of remote homology
between MUN domains and tethering factors (Pei et al., 2009)
were particularly critical to design the fragment that eventually
allowed us to solve the structure of theMUN-CDmodule. Clearly,
these methods still have difficulties in predicting specific struc-
tural features that are not conserved in the family (e.g., the bends
in helices a5, a6, and a9 of the MUN-CD module), or correctly
defining the alignment of the helices when there is substantial
variability within the family (e.g., helices a3 and a5). However,
the similarity of the MUN-CD structure described here to those
of Sec6p and other tethering factors provides a vivid illustration
of the power of current computationalmethods to identify remote
homologies and predict overall protein folds based on these
homologies, evenwhen sequence identities are very low (<10%).
Although the MUN-CD structure resembles those of several
subunits of the exocyst complex, it is most closely related to
Sec6p. It is noteworthy that the available structure of Sec6p
covers only the CD subdomains (Sivaram et al., 2006) and thatStructure 19, 1443–1N-terminal fragments corresponding to the AB subdomain could
not be expressed in soluble form (Sivaram et al., 2005), in
analogy to the behavior of Munc13-1 fragments (Figure 1). These
finding suggest that, functionally, Sec6p might also be more
closely related to Unc13/Munc13s than to other exocyst
subunits. However, Sec6p binds to the SNAP-25 homolog
Sec9p and this interaction inhibits SNARE complex formation
(Sivaram et al., 2005), whereas the Munc13-1 MUN domain
accelerates SNARE complex formation by binding to Syntaxin-1
(Ma et al., 2011). On the other hand, activities in promoting
SNARE complex formation have been described for CAPS
(James et al., 2009) and the Dsl1p complex (Ren et al., 2009)
andwe note that a pattern of divergencewas observed in studies
of SM protein/SNARE interactions (Carr et al., 1999; Dulubova
et al., 1999, 2002), and yet subsequent studies are gradually
revealingmore convergence than suggested by the initial studies
(Dulubova et al., 2003, 2007; Shen et al., 2007; Furgason et al.,
2009). Hence, although it is now clear that MUN domains and
tethering factors belong to a common family, much research
will be needed to unravel which functions are conserved and
which are specific to the members of the family. Based on the
above observations, the known role of tethering complexes in
bridging membranes, and data supporting roles for CAPS and
Unc13/Munc13s in vesicle docking (Hammarlund et al., 2007;
James et al., 2009; Weimer et al., 2006; Siksou et al., 2009),
we speculate that membrane docking–tethering and facilitation
of SNARE complex assembly are general roles of this protein
family, even though the underlying mechanisms may sometimes
vary. Note also that this hypothesis does not rule out the possi-
bility of an additional, direct role for these proteins in membrane
fusion (see Rizo and Rosenmund, 2008 and James et al., 2009).
Multiple mutagenesis data on Unc13/Munc13s that have
accumulated over the years can now be rationalized based on
the structure of the MUN-CD module described here. Thus, the
structure shows that a prevalent mutation in Munc13-4 that
causes a grave human disease (Feldmann et al., 2003) results
in deletion of four residues (V608-A611) in helix a1 of subdomain
C, which should lead to protein misfolding and thus loss of func-
tion. Moreover, the MUN-CD structure suggests that mutational
studies claiming a correlation between disruption of Unc13/
Munc13-1 function and binding to the Syntaxin-1 N terminus
(Madison et al., 2005; Stevens et al., 2005) need to be reinter-
preted. Thus, the mutations used in these studies (correspond-
ing to F1234A/K1236A, Q1190R/L1279P/D1655E, and I1364F
in Munc13-1) are also likely to cause misfolding, because they
involve replacement of one side chain from the hydrophobic
core of subdomain C or D, and in the case of L1279P, a proline
is introduced in the middle of helix a4 (Figure S2B). Note that
the mutated hydrophobic residues are buried in the structure
of MUN-CD (and therefore cannot participate in binding to
Syntaxin-1), and that the Syntaxin-1 fragments used in these
studies contained only part of the Habc domain (and hence
cannot fold). Moreover, we have been unable to detect the inter-
action with the Syntaxin-1 N terminus usingwell-folded recombi-
nant proteins (Basu et al., 2005; Ma et al., 2011). Hence, there is
currently no convincing evidence for the relevance of the interac-
tion of Unc13/Munc13s with the Syntaxin-1 N terminus, although
we cannot rule out that this interaction occurs in vivo and
perhaps involves a post-translational modification.455, October 12, 2011 ª2011 Elsevier Ltd All rights reserved 1449
Figure 4. Sequence Alignment of MUN-CD Modules and Selected Tethering Factors
The alignment is based on that described in (Pei et al., 2009), but only a subset of the sequences are shown, and small revisions have beenmade according to the
positions of the helices observed in the crystal structure of theMunc13-1MUN-CDmodule (labeled a1-a9 above the sequences). The alignment of the sequences
from tethering factors has also been partially revised based on structural alignments obtained with DaliLite (Holm and Park, 2000). Non-polar residues in positions
where hydrophobic side chains predominate are highlighted in yellow. Residues that are very highly conserved in MUN-CD modules (Pei et al., 2009) are
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Figure 5. WorkingModel of how the Unc13/Munc13MUNDomain Accelerates the Transition from theClosed Syntaxin-1/Munc18-1Complex
to the SNARE Complex
On the left, Munc18-1 (purple) is bound to closed Syntaxin-1 (Habc domain in orange, SNAREmotif in yellow). Themodel predicts that theMUN domain (pink, with
the four subdomains labeled A-D) binds to the Syntaxin-1 SNAREmotif through contributions from both the A-B subdomains and the C-D subdomains, helping to
extract the Syntaxin-1 SNAREmotif from the closed conformation (middle), and presenting it for binding to the Synaptobrevin (red) and SNAP-25 (green) SNARE
motifs to form the SNARE complex (right). Interactions withMunc18-1 are likely to cooperate in this activity, whichmay be further enhanced bymembrane binding
to the adjacent C1, C2B, and C2C domains (only the latter is shown, colored in blue). See text for further details.
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Structure of a Munc13 C-Terminal ModuleConversely, our recent studies have provided very strong
evidence for a more natural mechanism of opening Syntaxin-1
(Ma et al., 2011) that is further supported and refined by the
results presented here (Figure 5). The key aspect of this model
is that binding of the MUN domain to the Syntaxin-1 SNARE
motif, and likely to Munc18-1, helps to ‘‘extract’’ the SNARE
motif from the closed conformation, thus allowing Syntaptobre-
vin and SNAP-25 binding to form the SNARE complex. This over-
all mechanism may prevent formation of syntaxin-1 oligomers
and 2:1 Syntaxin-1/SNAP-25 heterodimers, which hinder
SNARE complex assembly (Rizo and Rosenmund, 2008). Note
also that the MUN domain binds to 1:1 Syntaxin-1/SNAP-25
heterodimers (Guan et al., 2008; Weninger et al., 2008) and
hencemay favor the correct Syntaxin-1/SNAP-25 stoichiometry.
Our data now show that the MUN-CD module binds weakly to
Munc18-1 and the SNARE complex, with some degree of coop-
erativity between these interactions, and interacts also with the
isolated Syntaxin-1 SNARE motif (Figure 6). This behavior is
very similar to that of the MUN domain (Ma et al., 2011), but
the interactions with the SNARE complex and particularly with
the Syntaxin-1 SNARE motif are strongly impaired. As a con-
sequence, the activity of MUN-CD in accelerating the transition
from the Syntaxin-1/Munc18-1 complex to the SNARE complex
is severely impaired (Figure 7), in correlation with the observation
that the MUN domain robustly rescues release while truncation
of the N-terminal A,B subdomains strongly disrupts the rescue
activity (Basu et al., 2005). Note however that fragments partially
truncated at the MUN domain N terminus but that include the
C2C domain can partially support Unc13 and Munc13 function
(Stevens et al., 2005; Madison et al., 2005). Altogether, these
results suggest that, although the MUN-CD module is a minimalhighlighted in white with a red background, and the residues in the same positions
that appear to be selectively conserved in MUN-CDmodules in general are in oran
from Unc13/Munc13s are in blue. For the four tethering factors at the bottom, the
the protein name. The residue numbers of the sequences shown are: Munc13-1
1677-2009 (1763306); Dunc-13 Dm, 1187-1550 (6665667); Unc-13 Ce, 1260-1
(62243588); BAP3 Mm, 654-948 (187957352); CAPS-1 Mm, 980-1332 (70906474)
Sc, 410-723 (39540475); Sec15 Dm, 380-695 (7300701); Exo70 Sc, 329-623 (63
melanogaster; Ce: Caenorhabditis elegans; Ci: Ciona intestinalis; Mm: Mus musc
See also Figure S3.
Structure 19, 1443–1structural unit that is at the heart of Unc13/Munc13 function, it
can barely support this function by itself and requires the assis-
tance of the adjacent MUN A,B subdomains or the C2C domain.
Based on our data, it seems very likely that the MUN-AB region
cooperates with MUN-CD in binding to the Syntaxin-1 SNARE
motif to confer full activity to the MUN domain (Figure 5). Without
the help of the MUN-AB region, the MUN-CD module still has
some residual activity that could be enhanced by the C2C domain
through other interactions that contribute to Unc13/Munc13
function, e.g., via the putative interaction with the Syntaxin-1 N
terminus (but see above). Because the most common function
of C2 domains is Ca
2+-dependent membrane binding (Rizo and
Su¨dhof, 1998), and the C2C domain is not predicted to bind
Ca2+ but is basic, an alternative possibility is that the C2C domain
binds constitutively to the plasma membrane (Figure 5), which is
expected to enhance binding to the Syntaxin-1 SNARE motif.
Evidently, membrane interactions likely play multiple roles in
modulating Unc13/Munc13 function, because the C1 domain
and C2B domain preceding the MUN domain bind to diacylgly-
cerol and phosphoinositides, respectively (Betz et al., 1998; Shin
et al., 2010), and even theMUN domain exhibits weakmembrane
interactions that cooperate with binding to the SNARE complex
(Guan et al., 2008). Note also that although Figure 5 depicts inter-
actions with the plasma membrane, some interactions could
also be established with the vesicle membrane directly or indi-
rectly (e.g., through Rab proteins) to tether the vesicles. Clearly,
further research will be required to test all of these possibilities
and to unravel how the various interactions of Unc13/Munc13s
withmembranes and proteins control vesicle priming and presyn-
aptic plasticity. The structure of the MUN-CD module described
here provides a key piece to solving this fascinating puzzle.in tethering factors are highlighted in white with a black background. Residues
ge, and residues that appear to be selectively conserved in MUN-CDmodules
PDB accession numbers of their corresponding structures are indicated next to
Rn, 1153-1513 (915328); Munc13-2 Rn, 1435-1768 (915330); Munc13-3 Rn,
603 (71997504); Unc-13 Ci, 985-1320 (198435342); Munc13-4 Mm, 581-880
; CAPS Dm, 1011-1364 (85681027); Unc-31 Ce, 1060-1382 (133931077); Sec6
22375); Tip20 Sc, 352-648 (1322726). Rn, rattus norvegicus; Dm: Drosophila
ulus; Sc: Saccharomyces cerevisiae; Sp: Schizosaccharomyces pombe.
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Figure 6. The MUN-CD Module Binds to the Syntaxin-1 SNARE Motif Much More Weakly than the MUN Domain
(A) Superposition of expansions of 1H-13C HMQC spectra of 12 mM 2H-ILV-13CH3-MUN-CD before (black contours) and after (red contours) addition of 20 mM
Munc18-1 and 20 mM SNARE complex.
(B) Average decrease in the intensities of well-resolved cross-peaks from 1H-13C HMQC spectra of 2H-ILV-13CH3-MUN-CD upon addition of 20 mM Munc18-1
(M18), 20 mM SNARE complex (SC) or both. The error bars denote the standard error in the averages calculated from consecutive spectra acquired on the same
samples.
(C) Two-dimensional 1H-15N HSQC spectra of 20 mM 15N-Syntaxin-1 SNAREmotif (residues 191-253) before (black contours) or after addition of 30 mMMUN-CD
(red contours). Selected cross-peaks are labeled with their corresponding assignments (Dulubova et al., 1999) and correspond to the residues that disappeared
upon MUN-domain binding (all within the 200-226 segment; see Ma et al., 2011).
(D) Plot of normalized integrals of the amide region of 1D 1H-15NHSQC spectra of 10 mM 15N-Syntaxin-1 SNAREmotif upon addition of different concentrations of
MUN-CD. The solid curve shows the fit obtained with a standard one-to-one protein-ligand bindingmodel. For reference, the dashed line shows the binding curve
obtained with the MUN domain (Ma et al., 2011).
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Plasmids and Recombinant Proteins
Constructs for bacterial expressionof full-length ratMunc18-1, fragments of rat
Synaptobrevin-2 (residues 29-93), human SNAP25 (residues 11-82 and 141-
203), and the cytoplasmic domain (residues 2-253) of rat Syntaxin-1A or its
SNARE motif (residues 191-253) were described previously (Dulubova et al.,
1999, 2007; Xu et al., 2010; Chen et al., 2002). The vectors to express the1452 Structure 19, 1443–1455, October 12, 2011 ª2011 Elsevier Ltdvarious Munc13-1 fragments were prepared using standard recombinant
DNA techniques, starting with fragments spanning full-length rat Munc13-1
or Munc13-1(859-1531) lacking residues 1415-1437, which are alternatively
spliced (Brose et al., 1995). All proteins were expressed as GST fusions, iso-
lated by affinity chromatography, and purified by gel filtration and/or ion
exchange chromatography as described (Dulubova et al., 1999, 2007; Basu
et al., 2005; Chen et al., 2002). Isotopic labeling was performed using well-
established procedures (Tugarinov et al., 2004). Munc18-1–Syntaxin-1(2-253)All rights reserved
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Figure 7. The Activity of the MUN-CD Module in Promoting the
Syntaxin-1/Munc18-1 to SNARE Complex Transition Is Severely
Impaired
(A) Left panel: superposition of expansions of 1H-13C HMQC spectra of 15 mM
2H-I-13CH3-Syntaxin-1 bound to Munc18-1 (black contours) or incorporated
into SNARE complex formed with Synaptobrevin and SNAP-25 SNARE motifs
[2H-LV-13CH3-Synaptobrevin(29-93),
2H-SNAP-25(11-82) and 2H-SNAP-
25(141-203)] (red contours). The expansion shows the cross peak corre-
sponding to I203 (Ma et al., 2011). Middle and right panels: 1H-13C HMQC
spectra of 15 mM 2H-I-13CH3-Syntaxin-1 bound to Munc18-1, taken after 39 or
119 min after adding 15 mM 2H-Val,Leu-13CH3-Synaptobrevin(29-93), 25 mM
2H-SNAP-25(11-82), and 25 mM 2H-SNAP-25(141-203), in the presence of
30 mM MUN-CD. The elongated shape of the cross peaks in these panels
arises because these 1H-13C HMQC spectra were acquired for only 10 min
each and thus have low resolution in the 13C dimension.
(B) Fraction of SNARE complex formed as function of time in the same
experiments as panel (A), monitored through the intensity of the I203 cross
peak of the SNARE complex in consecutive 1H-13C HMQC spectra. Up to
119 min, the spectra were acquired every 10 min, and afterwards every 2 hr
(the cross-peak intensities were normalized accordingly). The curve shows the
fit to an exponential rise to a maximum.
Structure
Structure of a Munc13 C-Terminal Modulecomplexes and pre-assembled SNARE complexes formed with purified
Synaptobrevin(29-93), Syntaxin-1(2-253), SNAP-25(11-82), and SNAP-
25(141-203) were prepared as described (Ma et al., 2011).
Crystallization and X-Ray Diffraction Data Collection
Rat Munc13-1 MUN-CD (1148-1407,EF,1453-1531 fragment) dissolved in
10 mM Tris (pH 8.0), 150 mM NaCl, 10% (v/v) glycerol, and 5 mM TCEP was
concentrated to 7.5–8.5 mg/ml for crystallization using the hanging drop vapor
diffusion method. Drops in a ratio of 1 ml protein to 1 ml well solution were equil-
ibrated against 200 ml 0.1 MMES (pH 5.8–6.2), 18–25% (v/v) PEG 400 at 20C.
Crystals appeared overnight and grew to 15 3 30 3 100 mm within two
weeks. Selenomethionine-derivatized (SeMet) crystals were obtained under
similar conditions. For cryoprotection, crystals were transferred in steps into
reservoir solutions containing increasing concentrations of PEG 400, to a final
concentration of 35% (v/v), and flash-cooled in liquid nitrogen. MUN-CD crys-
tals exhibited the symmetry of space group P42 with unit cell parameters of a =
160.8 A˚, c = 42.2 A˚ and contained two molecules of MUN-CD per asymmetricStructure 19, 1443–1unit. Native and SeMet MUN-CD crystals displayed strong anisotropy and
strong I4 pseudosymmetry. Native MUN-CD crystals diffracted to a dmin of
2.65 A˚ when exposed to synchrotron radiation. Data were indexed, integrated,
and scaled using the HKL-3000 program package (Minor et al., 2006). Data
collection statistics are listed in Table 1.
Phase Determination and Structure Refinement
Phases for the MUN-CD fragment were obtained from a two-wavelength anom-
alousdispersionexperiment usingselenomethionyl-substitutedproteinwithdata
to a dmin of 2.70 A˚. Attempts to locate sufficient heavy atom sites to phase the
structure were unsuccessful using data processed and scaled in the space
P42. Initial phasing and model-building calculations were carried out using data
processed and scaled in the pseudosymmetric I4 space group, which contains
one monomer of MUN-CD; seven of nine possible selenium sites were located
using the program SHELXD (Schneider and Sheldrick, 2002). Initial phases
were calculated and refined with the program MLPHARE (Otwinowski, 1991),
resulting in an overall figure-of-merit of 0.15 for data between 38.0 and 2.70 A˚.
Phases were further improved by cycles of alternating density modification
with the programParrot (Zhang et al., 1997) andmodel-buildingwith the program
Buccaneer (Cowtan, 2006). The resulting model contained 75% of all MUN-CD
residues, and two copies of this model were placed in the SeMet protein P42
unit cell via the programPhaser (McCoy et al., 2007). Additional roundsof density
modification and model building were performed as described, using only the
SeMet peak dataset. The resulting model contained 84.5% of all MUN-CD resi-
dues in eachmonomer. Twocopies of theMUN-CDmonomerwereplaced in the
native protein P42 unit cell via the program Phaser. Additional residues were
manually modeled in the program coot (Emsley and Cowtan, 2004). Refinement
was performed using the programPhenix (Adams et al., 2002) with a random5%
of all data set aside for an Rfree calculation. The currentmodel contains 86.8% of
all residues in twoMUN-CDmonomers (labeled A and B, respectively); included
are residues 1156-1340, 1352-1407, E (Glu), F (Phe), 1453-1458, 1469-1514
of chain A, residues 1156-1340, 1352-1407, E (Glu), F (Phe), 1453-1457, and
1468-1516 of chain B. The working R-factor is 0.244, and the free R-factor is
0.302. A Ramachandran plot generated with Molprobity (Davis et al., 2007) indi-
cated that 89.7% of all protein residues are in the favored regions. The coordi-
nates have been deposited in the PDB (accession code 3SWH).
NMR Spectroscopy
1H-13C HMQC spectra were acquired at 25C on a Varian INOVA800 spec-
trometer equipped with a cold probe, using samples dissolved in 20 mM Tris
(pH 8.0), 150 mM NaCl, 2 mM TCEP, using D2O as the solvent.
1H-15N
HSQC spectra were acquired at 15C on Varian INOVA500 or 600 spectrom-
eters with samples dissolved in 20 mM HEPES (pH 7.4), 125 mM NaCl, 2 mM
TCEP, using H2O/D2O 95:5(v/v) as the solvent. Analysis and quantification of
the data were performed as described (Ma et al., 2011).
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and can be found with this
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